Experiments were conducted to evaluate the influence of zirconium and copper additions on superplastic behavior of a 6061 aluminum alloy. Fine grains were produced in a commercial grade of 6061 Al and a 0.15%Zr + 0.7%Cu-modified 6061 alloy by two-step thermomechanical processing. The superplastic properties and microstructure evolution of both alloys were examined in tension at temperatures ranging from 475 to 620 • C and strain rates ranging from 7 × 10 −6 to 2.8 × 10 −2 s −1 . It was shown using differential thermal analysis that both alloys exhibit the highest superplastic characteristics in a partially melted state. The 0.15%Zr + 0.7%Cu-modified 6061 aluminum alloy exhibits a maximum elongation-to-failure of 1300% at 590 • C and an initial strain rate of 2.8 × 10 −4 s −1 . In contrast, the highest total elongation of 350% (m ∼ 0.6) was achieved in the commercial grade 6061 alloy at 600 • C and a strain rate of 1.4 × 10 −4 s −1 . The results suggest the addition of Zr provides high stability of the fine-grained structure under superplastic deformation at high temperatures by precipitation of Al 3 Zr dispersoids. Apparently, the increased amount of liquid phase caused by the copper addition can enhance the superplastic properties of the 6061 alloy.
Introduction
Currently there is great interest in developing superplastic aluminum alloys belonging to the 6XXX series (Al-Mg-Si system) that are processed by ingot-metallurgy. [1] [2] [3] [4] Commercial 6013 and 6066 alloys with standard chemical composition have been demonstrated to exhibit moderate superplastic properties [1] [2] [3] at T ≤ 540 • C. Fine grain structure was introduced in these materials by thermomechanical processing (TMP). 2, 3) It was established that the low stability of fine grains in the 6XXX aluminum alloys under superplastic deformation limits ductility. 2, 4) Recent work has demonstrated that it is possible to enhance superplastic ductilities of Al-Mg alloys subjected to TMP by minor alloying additives. 5, 6) Additions of transition-element-dispersion particles in the aluminum alloys provide increased stability of fine grains under superplasticity that is extremely important for the manifestation of superior superplastic properties. 7, 8) This approach can be applied to Al-Mg-Si alloys.
The 6061 Al alloy is the best candidate for the fabrication of automotive sheet parts with complex shape by superplastic blow forming due to its good combination of strength, fatigue resistance and fracture toughness. To date, there has been no attempt to evaluate the influence of alloying additions on the superplastic behavior of this alloy. It is expected that the addition of zirconium will enhance the superplastic properties of the 6061 Al alloy, because, in other aluminum alloys, this alloying element results in enhanced thermal stability of the fine grained structure. On the other hand, it is known that the 6013 aluminum alloy containing copper is used as an aircraft structural material, whereas the Al-Mg-Si alloys are widely used in the automotive, railway and construction industries. Therefore, it is also important to evaluate the influence of the copper on the superplasticity in the base alloy. * The present address is Ibaraki University, Research Center for Superplasticity, Nakanarusawa-cho, 4-12-1, Hitachi, Ibaraki 316-8511, Japan.
Accordingly, the objective of this study is to determine the effect of minor modification in chemical composition on superplasticity of the 6061 Al alloy. The superplastic behavior of a 0.15%Zr + 0.7%Cu-modified 6061 aluminum alloy is considered in comparison with the superplastic characteristics of the commercial grade 6061 Al alloy. The present work is a continuation of studies on the 6061 Al alloy, 4, 9, 10) with the intent of evaluating its potential for exhibiting superplasticity and enhancement of superplastic characteristics of the 6061 Al alloy by modification of its chemical composition.
Material and Experimental Procedure
The chemical compositions of the commercial grade of the 6061 aluminum alloy, denoted as 6061 Al herein, and the 0.15%Zr + 0.7%Cu-modified 6061 Al, denoted as 6061M Al herein, are shown in Table 1 . Both alloys were manufactured by the Kaiser Aluminum-Center for Technology by direct chill casting and, then, homogenized at 530
• C for 10 h. A two-step TMP procedure was used for grain refinement 4, 9, 10) in both alloys. Both alloys were rolled to a 70% reduction in the temperature interval 400-250
• C, followed by recrystallization annealing at 500
• C for 30 min in a muffle furnace. The samples were further cold rolled with an 80% reduction, followed by a final recrystallization annealing at 475
• C for 30 min in a salt bath.
Tensile samples with a gauge length of 12 mm were machined parallel to the rolling direction of the TMPed samples. The samples of the 6061 Al and the 6061M Al had cross- sectional dimensions of 5 mm × 1 mm and 5 mm × 3 mm, respectively. The mechanical characterization methods have been reported previously. 9, 10) The heat of fusion of these alloys was determined by using differential thermal analysis (DTA) which was performed with a 15.2 mg specimen of the 6061 Al and a 10.6 mg specimen of the 6061M Al. Samples were heated to 670
• C at a rate of 10
• C·min −1 in air by using a Rigaku analyzer (Model Thermoflex). Pure indium (99.99%), tin (99.9%) and zinc (99.99%) were used to calibrate the DTA equipment. The heat of fusion, ∆H , was calculated as
where K is equipment constant, F is peak area taking from experimental curve and G is sample weight. Cavitation was measured within the sample body to avoid the effect of surface diffusion. For this purpose, the surface layer with ∼ 0.5 mm thickness was eliminated by mechanical polishing. The central areas of the specimens strained up to ε = 1.1 and areas of specimens strained up to failure (located 5 mm from the fracture surface) were examined.
Details of microstructural examinations by optical metallography and transmission electron microscopy as well as a cavitation study were also described previously. 9, 10) 
Experimental Results

Differential thermal analysis
DTA curves for the 6061 Al and the 6061M Al are shown in Fig. 1 . The onset temperatures for melting were determined by the intersection of the two dotted lines indicated in Fig. 1 . It is evident that for both alloys there exists a temperature interval between the incipient melting point, T i (a small amount of liquid phase is formed) and the solidus temperature, T s (extensive melting occurs). Thus there exists the temperature interval, T i -T s , in which a small amount of liquid phase is present in the microstructure. Presumably, the liquid phase formed at T i is segregated at the triple junctions and along grain boundaries.
11) The incipient melting point T i (∼ 575
• C) in the 6061M Al is 7
• C less than that for the 6061 Al (∼ 582
• C). 
6061M Al is 21
• C less than that for the 6061 Al with standard chemical composition (613
• C). It is noted that T i for the 6061 Al matches exactly with the melting point for an ingot-metallurgy 6061 Al reported previously. 12, 13) It is apparent that the reduced melting point in the 6061M Al can be caused by a progressive dissolution of alloying additions with increasing temperature, resulting in a weak exothermic reaction at T ≤ 575
• C followed by an endothermic reaction. The heat of fusion of extensive melting for the 6061 Al and the 6061M Al are very similar ( Table 2 ). The heat of fusion for partial melting of the 6061 Al is significantly less than that for the 6061M Al (Table 2 ).
Initial microstructure
Typical microstructures of the 6061 Al and the 6061M Al after homogenization are shown in Fig. 2(a) and (b) respectively. An analysis of dispersoids in thin foils was reported early. 9, 10) It was shown that Zr additions resulted in the formation of Al 3 Zr dispersoids with an average size of about 30 nm in the 6061M Al ( Fig. 2(b) ). 9, 10) Their volume fraction is about 0.6 pct ( Table 3) . Al 3 Zr particles were enriched by silicon. 10) As a result, the volume fraction of Al 3 Zr dispersoids is, at least, twice as high as that given by the binary phase diagram even assuming that all Zr is present in dispersoids. 10) In the initial state of the 6061M Al the volume fraction (∼ 1.4%) and size (∼ 140 nm) of Mg 2 Si-particles are less than those in the 6061 Al (Fig. 2, Table 3 ). No significant changes in volume fraction and sizes of these particles were revealed after static annealing at T ≤ 590
• C in the 6061M Al (Table 3) . 10) In contrast, static annealing of the 6061 Al resulted in partial dissolution of the Mg 2 Si-phase and elemental silicon particles. In the 6061M Al the volume fraction and size of Al 3 Zr dispersoids remained virtually unchanged during static annealing at T > T i (Table 3) . 10) For instance, volume fraction of Al 3 Zr dispersion particles in the 6061M Al was ∼ 0.5% after static annealing at 590
• C for 14 hours (Table 3) . 10) Coarse α-AlFeSi particles with irregular shape and having a size of ∼ 2 µm are present in the initial structure of both alloys. 10) Their morphology and size are similar in both grades of the 6061 aluminum.
The TMP resulted in the formation of a uniform microstructure with an average grain size of 13.5 µm (Fig. 2(c) ) in the 6061 Al and 11.2 µm in the 6061M Al. 9, 10) 
Superplastic behavior
Typical true stress-true strain (σ -ε) curves for the commercial 6061 aluminum alloy at 570
• C, at which the material is entirely in the solid state, and 600
• C, which is higher than T i , are presented in Figs. 3(a) and (b), respectively. Re- Table 2 Heat of fusion for extensive melting, ∆H s , heat of fusion for partial melting, ∆H i , and volume fraction (V ) of a liquid phase (approximately) in partial melting state for the two grades of the 6061 aluminum alloy. sults are reported for strain rates ranging from 7 × 10 −5 to 2.8 × 10 −2 s −1 . Figure 3 (c) shows the σ -ε curves at an initial strain rate of 2.8 × 10 −4 s −1 and temperatures ranging from 500 to 610
• C for the 6061 Al. The σ -ε curves for the 6061M Al were reported earlier; 9, 10) the typical curves are depicted in Fig. 4 . It is seen that the effects of temperature and strain rate on the trend of the changing stress with increasing strain is similar for both alloys (Figs. 3 and 4) . 9, 10) This effect was described earlier in detail. 9, 10) It should be noted that in the 6061 Al alloy, secondary strain hardening was found only in the partial melted state atε ≤ 2.8 × 10 −4 s −1 (Fig. 3(b) ). At the same time, in the 6061M Al alloy, significant secondary strain hardening takes place after steady-state flow both below and above the incipient melting point, T i , (Fig. 4) at low strain rates. 9, 10) It should be emphasized that secondary strain hardening starts in the 6061 Al at strains which are significantly less than those in the 6061M Al. Notably the uniform deformation visible within the gauge length occurs in both materials at all temperatures and strain rate examined. 4, 9, 10) In both alloys, an increase in temperature (Fig. 5) or a decrease in strain rate (Figs. 3, 4, 6(a) ) results in a decrease in flow stress and a reduction in initial work hardening. It is seen that at T ≤ 550
• C, the flow stress for the 6061 Al is less than that for the 6061M Al (Fig. 5 ). This effect can be attributed to dispersion strengthening by Al 3 Zr particles. At higher temperatures, the flow stress for the 6061 Al becomes higher than that for the 6061M Al. The flow stress in the 6061 Al is about 2 times the flow stress in the 6061M Al at 590
• C (Fig. 5 ). Figure 6 shows the effects of initial strain rate on the mechanical properties of the 6061 Al. The flow stress taken at a true strain of ∼ 0.15 is plotted as a function of initial strain rate on a double logarithmic scale in Fig. 6(a) . The variation of strain rate sensitivity, m, and elongation-to-failure, δ, with strain rate is shown in Figs. 6(b) and (c), respectively. For comparison, the coefficient of strain rate sensitivity, m, and elongation-to-failure, δ for the 6061M Al are plotted as a function of initial strain rate in Fig. 7 . It is seen that increasing temperature, which results in partial melting, has a significantly stronger influence on the mechanical behavior of the 6061M Al than the 6061 Al (Figs. 6 and 7) . 9, 10) Both aluminum alloys exhibit a sigmoidal relationship between flow stress and strain rate ( Fig. 6(a) ), 9, 10) which is typical for superplastic behavior 7, 8) and corresponds with three regions of superplastic deformation. 7, 8) For the 6061 Al, the strain rate at which the highest m value occurs, decreases by a factor of two-from 2.8×10 −4 at 550 (Fig.  6(b) ); the highest m value increases from 0.45 to 0.7 ( 6(b)). In contrast, for the 6061M alloy an increase in temperature from 550 to 590
• C results in a factor of ten increase in the strain rate, at which the highest value of the m coefficient is observed, 9, 10) (Fig. 7(a) ). The optimal strain rate region (i.e. Region 2) for superplasticity, in which m ≥ 0.33, 7, 8) As a result, increasing temperature results in higher m values throughout the entire strain rate region in the 6061M Al. For the 6061 Al, atε ≥ 2.8 × 10 −3 s −1 the m value appears to be insensitive to temperature. For low strain rates (Region 1), increasing temperature results in minor increases in the m value. Therefore, for the 6061Al, partial melting has very little influence on deformation mechanisms observed at high strain rates.
In the entirely solid state the δ value exhibits a maximum at the slowest strain rate and decreases with increasing strain rate for the both alloys (Figs. 6(c) and 7(b) ). In addition, the ductilities of both alloys are essentially the same. For the 6061 Al, partial melting results in a slight increase in elongation-to-failure atε < 10 −3 s −1 , and a pronounced decrease in ductility at higher strain rates (Fig. 6(c) ). A poorlydefined peak in the elongation-to-failure can be distinguished atε = 1.4 × 10 −4 s −1 and 600
• C (Fig. 6(c) ). In contrast, partial melting of the 6061M Al highly enhances ductility and results in the appearance of a well-defined maximum in δ value atε = 2.8 × 10 −4 s −1 (Fig. 7(b) ). For instance, at 550
• C, the maximum m value is about 0.5 atε = 2.8 × 10
and elongation-to-failure is 420% atε = 7 × 10 −5 s −1 , and, at 590
• C, the highest value of elongation-to-failure (1300%) is observed atε = 2.8 × 10 −4 s −1 , which corresponds with m = 0.65. Therefore, in the partial melted state the values of elongation-to-failure of the 6061M Al are significantly higher than those of the 6061Al. Notably, a decrease in tensile ductility atε ≥ 7 × 10 −3 s −1 with increasing temperatures higher than T i is also observed in the 6061M Al.
In Fig. 8 , the elongation-to-failure, δ, and m value atε = 2.8 × 10 −4 s −1 are plotted as a function of temperature for both alloys, in which the highest ductilities were attained in the partial melted state. However, in the 6061M Al, the δ value increases sharply at temperatures above T i (Fig. 8(a) ). In the 6061Al, a gradual increase in ductility also takes place with increasing temperature at T ≤ 600
• C (Fig. 8(a) ). Notably, at T ≤ 550
• C, the m values are essentially similar for both alloys (Fig. 8(b) ). At T > 550
• C, the strain rate sensitivity in the 6061M Al is higher than that in the 6061Al. It is apparent that increased elongation-to-failure in the 6061Al in the partial melted state is attributed to gradual increase in the m value. No significant enhancement of elongation-tofailure by partial melting takes place in the 6061Al. The δ values for the 6061Al below and above T i are very similar. Increasing temperature in the partial melted state at T ≥ 600
• C leads to only slightly decreased ductility (∼ 170% at 610
• C) ( Fig. 8(a) ). At 620
• C, failure occurs with limited plastic flow. Since the solidus temperature is below 613
• C, reduction of ductility is apparently associated with the presence of massive liquid phase. In both alloys, the total elongation drops dramatically at the solidus temperature, T s , as macroscopic melting starts to occur (Fig. 8(a) ). The ductility drops despite the fact that the m value approaches unity (Fig. 8(b) ).
In the both alloys, the coefficient of strain rate sensitivity tends to decrease with strain below and above the incipient melting point (Fig. 9) . Degradation in the m value with strain occurs in the 6061 Al with higher rate (Fig. 9(a) ) compared with the 6061M Al ( Fig. 9(b) ). 
Microstructural evolution
The microstructural evolution atε = 2.8×10 −4 s −1 of both alloys was studied under conditions of static annealing (grip section) and dynamic annealing (i.e. gauge section). Grain sizes observed after static annealing (L s ), dynamic annealing (L d ) and the grain aspect ratio (AR) are summarized in Tables 4 and 5 . The 6061 Al samples were pulled to failure, but the 6061M Al samples were strained to ε = 1.1 (equivalent time of static annealing is 2 h.). However, the exposure times (τ ) at temperature were essentially same for the both alloys and the annealing conditions.
It is noted that static annealing produces a similar grain size in the both alloys (Tables 4 and 5 ), despite the aforementioned difference in the phase composition. Significant static grain growth occurs at 500
• C and results in an average grain size of about 18 µm. Further temperature increase results in slightly additional static grain growth. Notably, no significant additional grain growth occurs above the incipient melting temperatures, T i , relative to temperatures below T i . In the 6061Al, extensive static grain growth starts to occur at 600
• C (Table 4) . Thus, both alloys exhibit superplastic behavior despite the fact that the alloys have a relatively coarse (∼ 20 µm) initial grain size.
Superplastic deformation results in significantly higher grain growth in the 6061 Al as compared to that in the 6061M Al (Tables 4 and 5 ). It is seen that the 6061 Al exhibits the low stability of fine grains under superplastic deformation (Table 4 ). In comparison, the ∼ 20 µm grains are essentially stable in the 6061M Al (Table 5) . 10) In addition, in the temperature range 550-600
• C having extensive superplastic deformation, the grain aspect ratio in the 6061M Al, defined as the ratio of the grain dimension in the tension direction to that in the transverse direction, is less than that in the 6061 Al. The lower AR values can be associated with a higher contribution of grain boundary sliding (GBS) to the total deformation. 7, 8) This result suggests that the microstructure of 6061M Al evolves during superplastic deformation in a manner typical for deformation dominated by GBS in the temperature interval 550-590
• C. Both concurrent grain growth and an increase in the grain aspect ratio with strain during superplastic deformation are expected to reduce the likelihood of GBS and thus superplastic elongation in the 6061 Al. Table 6 Average cavity size (A), cavity aspect ratio (CAR), and cavity volume fraction (V ), for the 6061 Al deformed atε = 2.8 × 10 −4 s −1 to ε = 0.9. 
Characterization of cavitation
The cavitation resulting from superplastic deformation in tension was measured on specimens of the 6061 Al strained to ε = 0.9 at a strain rate of 2.8 × 10 −4 s −1 and different temperatures. The cavitation in these samples was then determined metallographically. The average cavity size (A), cavity aspect ratio (CAR), and porosity volume fraction (V ) for the 6061 Al are represented in Table 6 . These results can be compared with cavitation data for the 6061M Al. Samples of the 6061M Al were strained to ε = 1.1 at the similar strain rate. 9, 10) Relative to the 6061M Al, 9, 10) the 6061 Al exhibits significantly increased cavitation at all temperatures examined despite the decreased strain at which the characterization of cavitation was carried out. Also, partial melting hinder cavitation in the 6061 Al, significantly, as well as in the 6061M Al. In both alloys, cavity sizes as well as the volume fraction of cavities are less in the partially melted state than those in the solid state. 9, 10) 4. Discussion Table 7 shows optimal temperature of superplastic deformation, T sp , for the both alloys with initial grain size after TMP, d i , and strain rate,ε, at which highest values of elongation-to-failure, δ, and the coefficient of strain rate sensitivity, m, have been obtained. Melting points of the two grades of the 6061 aluminum alloy are represented by T i , which is the incipient melting temperature, and T s , which is the solidus temperature. It is seen that the 6061 Al exhibits moderate superplastic properties near the incipient melting temperature. Additions of Zr and Cu to this alloy greatly en- Table 7 Superplastic properties and thermal stability for the both 6061 aluminum alloys hance the superplastic characteristics. Two features of superplastic behavior for both 6061 alloys can be discussed.
(i) The 6061 aluminum alloys with different chemical compositions exhibit superplasticity below and above the incipient melting temperature even with an initial relatively coarse-grained structure. However, the best superplastic properties of the 6061 aluminum alloy occur in the partially melted state (Table 7) , i.e. within the temperature interval of T i -T s . (ii) Partial melting enhances ductility and strain rate sensitivity. No significant effect of partial melting on the optimal strain rate for superplasticity was noticed. This characteristic results from the fact that high superplastic ductility in the partially melted state is attributed to a lower cavitation level, which is, in turn, associated with enhanced accommodation for GBS. 10) At strain rates higher than ∼ 10 −2 s −1 , the partial melting leads to a drop in the elongation-to-failure.
The role of Zr
Details of calculation of Zener drag pressure was reported early, 10) and data obtained for both alloys are summarized in Table 3 . It is seen that the Zener drag pressures, P Z , evaluated for Al 3 Zr and Mg 2 Si particles differ by over a factor of two. It is apparent that the restraining force, which originates from Mg 2 Si particles, can provide high stability of microstructure under static annealing in both alloys. As a result, the grain sizes evolved after static annealing in both alloys are essentially similar at T ≤ 590
• C. However, this Zener drag is not sufficient to provide stability of microstructure under superplastic deformation. As a result, in the 6061 Al alloy, superplastic deformation is accompanied by extensive grain growth, which leads to reducing m value during superplastic deformation that limits superplastic ductility. Mg 2 Si particles are not effective for inhibiting dynamic grain growth, especially in the temperature interval of T i -T s at low strain rates. It was previously established 9, 10) that high microstructure stability (grain size ∼ 20 µm) of the 6061M Al in the temperature interval T i -T s is responsible for the enhancement of superplastic properties. It seems that this stability is provided by Zener drag pressure originated from Al 3 Zr dispersoids. The fine Al 3 Zr particles effectively restrict grain growth in the 6061M Al during superplastic deformation. 9, 10) Thus, in the 6061M Al the dynamic grain growth occurs at a much lower rate as compared to that in 6061 Al due to the presence of Al 3 Zr dispersoids. As a result, 6061M Al can exhibit increased ductility in the entirely solid state range, and superior superplastic properties in the temperature range of T i -T s . It is worth noting that the ductility of the 6061M Al is also limited by grain growth during superplastic deformation.
10) The grain coarsening results in the termination of steady-state of superplastic deformation and establishment of secondary hardening stage. 10) However, this transition does not occur until the grain size is less than ∼ 30 µm (at ε ≥ 2) 10) permitting significant plasticity in 6061M Al prior to fracture. It is apparent that the difference between flow stresses for 6061M Al and 6061 Al at T > 550
• C is also associated with the enhanced stability of microstructure in the 6061M Al during superplastic deformation. This statement is supported by the difference in the m value at T > 550
• C (Fig. 8(b) ). Evidently, GBS under a low shear stress in 6061M Al results in a high contribution to total elongation.
The role of Cu
Since no remarkable dissolution of Al 3 Zr dispersoids was found at 590
• C (Table 3) , 10) the increment in the heat fusion for the 6061M Al containing enhanced amount of Cu can only be attributed to the melting of a copper-bearing phase, for instance a pseudo-ternary eutectic phase such as CuMgAl 2 , which can present primarily in the triple junctions and grain boundaries. 12, [14] [15] [16] The volume fraction of a liquid phase resulted from the partial melting can be approximately evaluated from the ratio between the heat fusion for partial melting and the heat fusion for extensive melting 17) resulting in completely liquid state. The volume fractions of a liquid phase at the end of partial melting are listed in Table 2 for both grades of 6061 aluminum alloy. It is seen that in the 6061M Al the volume fraction of liquid phase in the partial melting state in the temperature interval of T i -T s is ∼ 1% that is higher by a factor of 10 than the amount of liquid phase in the 6061 Al. It seems that the 1% is optimal amount of liquid phase to suspend cavitation in the 6061 aluminum alloy. This amount of liquid phase is enough to provide proper accommodation for grain boundary sliding [12] [13] [14] [15] [16] 18) during superplastic deformation in the temperature interval of T i -T s . Notably the essentially similar amount of liquid phase for the optimum superplasticity of Si 3 N 4p(1 µm) /Al-Mg-Si composite was reported in work, 17) in which the optimal volume fraction of a liquid phase was estimated to be in range from 0.6 to 1.8%.
In the 6061 Al, the volume fraction of liquid phase formed at T i is too small (∼ 0.1%). This amount of liquid phase can not provide proper accommodation of GBS. As a result, cavitation takes place in the 6061 Al yielding fracture at a moderate elongation (≤ 350%).
It should be noted that large elongations in 6061M Al were not obtained when the temperature was more then T s , as shown in Fig. 8(a) . This indicates that a much larger volume fraction of liquid does not contribute to large elongations. 19) Increasing volume fraction of liquid phase at 600
• C about two times (Fig. 1) leads to dramatically drop of superplastic properties in the 6061M Al. It may be associated with intergranular decohesion at grain boundaries.
Thus, there exists the optimum volume fraction of liquid phase (∼ 1%) for achieving high superplastic properties in Effect of Cu and Zr Additions on the Superplastic Behavior of 6061 Aluminum Alloy 2399 the temperature interval from incipient melting point, T i , to solidus temperature, T s .
Conclusions
(1) Superplasticity was observed in 6061 Al thermomechanical processed to produce a uniform structure with an average grain size of 13.5 µm. It was shown that the 6061 alloy exhibited superplasticity atε = 7 × 10 −5 s −1 with a high elongation-to-failure of 310% at 570
• C (solid state), and with a maximum tensile elongation of 350% at 600
• C anḋ ε = 1.4 × 10 −4 s −1 (partial liquid state). (2) Static grain growth in 6061 Al results in a relatively coarse-grained structure (∼ 20 µm). This structure exhibits high stability under static annealing but becomes unstable under superplastic deformation, and dynamic grain growth limits the superplastic elongation of 6061 Al.
(3) A 0.15%Zr addition to 6061 Al results in the formation of Al 3 Zr dispersoids, which stabilizes the microstructure under superplastic deformation and results in enhanced superplastic ductility. A 0.7%Cu addition to 6061 alloy results in an increased amount of liquid phase at the incipient melting temperature which suspend cavitation during superplastic deformation. These two factors allow the achievement of superior superplastic properties (elongation-to-failure of ∼ 1300%) in the partial-liquid state.
